mRNAs transcribed from late promoters of several poxvirus genes contain 5' poly(A) sequences that are not complementary to the viral DNA. In contrast, early mRNAs containing 5' poly(A) sequences have not previously been identified. Modifications to the sequence of the promoter of an early gene of cowpox virus enable this promoter to direct the synthesis of RNAs containing 5' poly(A) sequences. When the sequence 3'-ATTTA-5', which is present at the RNA start-sites of several late promoters, is positioned such that the RNA start-site of the early promoter is at the first thymidylate in this sequence, this early promoter directs the synthesis of early RNAs containing 4-11 adenylates at their 5' ends. When two of the thymidylates in the sequence 3'-ATTTA-5' are removed, the promoter directs the synthesis of early RNAs lacking 5' poly(A) sequences. These results are consistent with the proposal that 5' polyadenylylation of poxvirus RNAs occurs by repetitive transcription of thymidylates in the sequence 3'-ATTTA-5' often present at the sites of transcriptional initiation. In addition, these results demonstrate that 5' polyadenylylation of viral RNAs is not exclusively a late function. The promoter regions of a few early genes of vaccinia virus contain the sequence 3'-ATTTA-5'. Analyses of the transcripts of one of these genes, the D5 gene, indicated that these mRNAs contain 5' poly(A) sequences, suggesting that early mRNAs of a subset of viral genes contain 5' poly(A) sequences.
The transcription of poxvirus genes is temporally regulated. Viral genes are classified as early or late, according to whether they are transcribed before or after the onset of viral DNA replication. Most poxvirus late mRNAs contain 5' poly(A) sequences that are not complementary to the viral DNA template (1) (2) (3) (4) , whereas characterized early mRNAs have not been shown to contain such unusual 5' end struc- tures (5) (6) (7) (8) (9) . Currently, neither the role of 5' polyadenylylation in viral replication nor the mechanism of 5' polyadenylylation is understood.
Several mechanisms, including RNA splicing, discontinuous transcription, and reiterative initiation of transcription have been suggested as means by which the 5' poly(A) sequences are generated (1) (2) (3) (4) . RNA editing (10) might be another means by which these terminal sequences are generated. Most evidence gathered to date (4, 11, 12) is consistent with a mechanism involving a reiterative initiation of transcription, similar to that proposed to occur in transcription from some late promoters of bacteriophage T4 (13) . This mechanism involves abortive initiation of transcription at a site consisting of three thymidylates, generating a product containing [1] [2] [3] adenylates. This product could subsequently be used to prime reinitiation from the original transcription start-site. Further rounds of abortive initiation and oligo(A)-primed reinitiation, before elongation beyond the thymidylates, could generate progressively longer 5' poly(A) sequences that are not complementary to the viral DNA template.
This mechanism was suggested initially for two reasons. (i) The one highly conserved feature of poxvirus late promoters is the sequence 3'-ATTTA-5' (14) (15) (16) (17) (18) (19) , which could provide the template for the synthesis of the oligo(A) at the site of transcriptional initiation. (ii) The sequences of each 5' polyadenylylated mRNA and its DNA template diverge at a position corresponding to the thymidylates in this conserved sequence (1) (2) (3) (4) 12) . The resul% of recent studies on late transcription in vitro are also consistent with the model that the 5' polyadenylylated late mRNAs are not the products of posttranscriptional processing events, but primary transcripts (4, 11) . However, the precise role of the 3'-ATTTA-5' sequence in 5' polyadenylylation of late mRNAs has proved difficult to define because late promoters appear to be inactivated by the deletion of this sequence (4, 16, 20) .
At its simplest, 5' polyadenylylation might only require the presence of an appropriate sequence at the transcriptional start-site and an active transcriptional complex. Specific late viral factors might not be required. The prevalence of late mRNAs containing 5' poly(A) sequences might simply reflect the conservation of the 3'-ATTTA-5' sequence at the predicted transcriptional start-sites of many late genes. This model predicts that early promoters containing similar sequences at their transcriptional start-sites would generate RNAs containing 5' poly(A) sequences.
Mutational analyses of early promoters of poxviruses have indicated that these promoters are usually contained within a region extending <30 base pairs (bp) upstream of the transcriptional start-site of the gene (21) (22) (23) (24) (25) . Mutational analyses (24) of the early promoter of the cowpox virus (CPV) 38K gene (26) suggested that it might be possible to change the sequence at the transcriptional start-site of this early promoter without either inactivating the promoter or altering the position from which transcription was initiated. In this study, we show that modifications to the sequence of the promoter region of the 38K gene enable this promoter to direct the production of early RNAs containing 5'-terminal poly(A) sequences. In addition, our results suggest that the early mRNAs of the D5 gene of vaccinia virus (VV), whose promoter is similar to that of the modified promoter of the 38K gene, contain 5' poly(A) sequences.
MATERIALS AND METHODS
Cells and Viruses. The Western Reserve strain of VV, used as the virus vector, was grown and purified as described (27) . Site-Directed Mutagenesis. Site-directed mutagenesis of the promoter region of the 38K gene was done according to the method of Carter et al. (28) . The template DNA used in the mutagenesis was that of phage M321 (24) , which contained the promoter region of the CPV 38K gene upstream of the coding region of the gene encoding chloramphenicol acetyltransferase (CAT). Mutagenic oligonucleotides (5'-GGTAT-ATCCAGTGA'TTl'lTlTl'TCTCCATTTAATAAAAGAAATA-TATT'TC-3', 5'-GGTATATCCAGTGAT-T-T-T-T-1-lCTCCA-ITFII-T-I -l'FF1-I AATAAAAAGAAATATA1wT'TC-3', and 5'-CAGTGAf TlTTTCTCCATAATAAAAAGAAATAT-3') were used as described (24) to alter the 38K promoter/ CAT gene, placing 3'-ATTTA-5', 3'-AI ITH ITITFIA-5', or 3'-ATA-5', such that the predicted site of transcriptional initiation would be at the first thymidylate in each of these sequences. Cla I linkers were added to 1.1-kilobase (kb) fragments of DNAs containing the modified 38K promoter/ CAT gene constructs. These fragments were then ligated into the Cla I site of the insertion vector p1249 (24) , generating plasmids p1314, p1317, and p1393, which were used to construct VV recombinants designated A426, A428, and A463 ( Fig. 1) , according to the method of Mackett et al. (29) . Recombinant virus d-321 (24) contains the wild-type 38K promoter, 67 bp of the leader of the wild-type 38K gene, and the coding region of the CAT gene plus 40 bp upstream of its initiation codon (Fig. 1) . This virus was used to generate RNAs containing a defined number of adenylates immediately upstream of the initiation codon of the CAT-encoding gene. These RNAs provided controls for the specificity ofthe nuclease-protection assays.
RNA Analyses. Polyadenylylated RNA was isolated from human 143 cells infected with five plaque-forming units of virus per cell, as described (3, 30) . Viral mRNA was synthesized in vitro from cores of purified virus as described (31) . The 5' ends of RNAs were characterized by nuclease S1-protection and primer-extension analyses as described (3, 32, 33) .
RESULTS
The Modified Early Promoter Directs the Synthesis of RNAs Containing Short 5' Poly(A) Sequences. The promoter region of the 38K gene was modified initially such that the sequence 3'-ATTTA-5', which is present at the predicted transcriptional start-site of several late genes, was placed at its transcriptional start-site. The modified promoter was then placed directly upstream of the coding region of the CAT gene, and this 38K promoter/CAT gene was inserted into the genome of VV, generating recombinant virus A426 ( Fig. 1) .
Nuclease Si-protection analyses showed that RNAs transcribed from this construct protected a region extending 4-6 nucleotides (nt) upstream of the translational initiation codon of the CAT-encoding gene in a probe derived from the template DNA (Fig. 2, lane 5 ). This showed that the RNAs were complementary to the DNA template up to the position corresponding to the transcriptional start-site of the unmodified promoter. To determine whether the 5' ends of these RNAs contained poly(A) sequences that were not complementary to the DNA template, additional protection analyses were done with a hybridization probe derived from the DNA ofplasmid p1317, used to construct VV A428. This probe was identical to that derived from the DNA of plasmid p1314, except that it contained the sequence 3'-A'l--ll'll--TAC-5' in place of the sequence 3'-ATTTAC-5' at the initiation codon of the CAT gene (Fig. 1) . RNAs of VV A426 protected a region extending 7-12 nt upstream of the initiation codon of the CAT gene in the p1317 probe (Fig. 2, lane  8) . The extended protection of this probe was afforded specifically by transcripts derived from the 38K promoter/ CAT gene in VV A426. RNAs transcribed from a similar promoter construct in VV d-321 contain the sequence 5'-UAAAAUG-3' at the initiation codon ofthe CAT gene; these mRNAs protected only 4-6 nt upstream of the initiation codon of the CAT gene in the p1317 probe (Fig. 2, lane 10) . Accordingly, these results indicated that the modified 38K promoter/CAT gene in recombinant A426 directed the synthesis of early RNAs containing 5' poly(A) sequences that were not complementary to the template strand of the viral DNA.
These analyses also indicated that the modified 38K promoter in VV A426 functioned efficiently at late times during infection (Fig. 2, lanes 6 and 9) . This was unexpected (i) because the CPV 38K gene does not appear to be expressed 12 Biochemistry: Ink and (20, 34) . The RNAs detected at late times appear to be late transcripts because Northern (RNA) blot analyses of 38K promoter/CAT gene transcripts during the course of viral replication indicated that early transcripts did not persist at late times (data not shown).
The ability of the modified promoter to direct late transcription raised the possibility that the 5' polyadenylylated RNAs present in the infected cells at early times during the infection were not products of early transcription but products of aberrant late transcription. To confirm that the 5' polyadenylylated RNAs were authentic products of early transcription, RNAs were synthesized in vitro, in core particles of purified A426 virus. Hybridization analyses demonstrated that the in vitro-synthesized transcripts of the CATencoding gene were similar to transcripts synthesized in vivo at early times (data not shown). The relative amounts of the various transcripts were similar, and transcription from the modified 38K promoter appeared to be terminated normally. Primer-extension analyses of the in vitro-synthesized RNAs showed that their 5' ends were heterogeneous, containing up to 10 nt upstream ofthe initiation codon ofthe CAT gene (Fig.  3) .
To confirm that the in vitro-synthesized RNAs contained 5' poly(A) sequences, the 5' ends of RNAs transcribed from the modified promoter in VV A426 were analyzed by nucleaseprotection assays using oligonucleotides containing poly(T) sequences as hybridization probes. RNAs 5' ends protecting up to 13 of the 20 thymidylates (Fig. 4,  lanes 1 and 2) . In these analyses, reaction conditions were used that would minimize the removal of terminal poly(A)-poly(T) duplexes (35) . Under these conditions, there may be incomplete digestion of 1-4 nt adjacent to the base-paired region of the DNA probe (3). Therefore, the results of the nuclease-protection assays and the primer-extension analyses are in close agreement. Together, these results indicated that early RNAs transcribed either in vivo or in vitro contained up to 11 adenylates at their 5' ends. The RNAs transcribed from the 38K promoter/CAT gene in VV A426 at late times in the infection contained 5' poly(A) sequences that appear to be longer than those contained in RNAs transcribed at early times (Fig. 4, lane 3) . The late RNAs contained 5' poly(A) sequences, which, although heterogeneous in length, provided significant protection to all 20 thymidylates, indicating that most of these RNAs had 5' poly(A) sequences containing 17 or more adenylates. In part, this may reflect the increased ease of detection of longer poly(A) sequences in the late RNAs, which are more abundant than the early RNAs. However, the proportion of RNAs containing 11 adenylates appears to be greater in RNAs accumulating at late times than in RNAs accumulating at early times. Control protection analyses, using VV d-321 RNAs, containing the sequence 3'-AUUUUA-5' at the initiation codon of the CAT gene ( Fig. 1) , indicated that these RNAs could protect <8 thymidylates in the oligonucleotide probe (Fig. 4, lanes 4 and 5) . mRNAs obtained from cells late RNAs were synthesized in an in vitro transcription reaction employing cores of purified VV A426. These RNAs were hybridized with 32p 5'-end-labeled oligonucleotides (5'-CTTTACGATGCCATTGGG-3') that were used to prime cDNA syntheses. The cDNA products were resolved by electrophoresis through an 8% polyacrylamide gel containing 7 after infection with either VV d-321 or VV A428 provided some protection of the probe (Fig. 4, lanes 5 and 7) . This protection was probably afforded by late RNAs transcribed through the 38K promoter/CAT genes from promoters present in the sequences upstream of these genes.
To determine whether RNAs containing 5' poly(A) sequences can be generated by direct transcription of a DNA template, a VV recombinant (A428) containing 11 thymidylates at the transcriptional start site of the 38K promoter/ CAT gene was constructed (Fig. 1) . Nuclease Si-protection analyses of RNAs synthesized in vivo (Fig. 4, lane 6) indicated that most early RNAs transcribed from the 38K promoter/CAT gene in A428 contained 11 adenylates at their 5' ends. The limited heterogeneity in the 5' ends of these RNAs suggested that the 5' poly(A) sequences contained in these RNAs were generated primarily by direct transcription of the DNA template strand. However, some adenylates may have been added on to these by repetitive transcription. Our results, nevertheless, show that simple sequence modifications can be used to direct the synthesis of viral RNAs containing 5' poly(A) sequences of defined lengths.
The role of the 3'-ATTTA-5' sequence in 5'-polyadenylylation was examined by analyzing transcription from the 38K promoter/CAT gene in VV A463. This promoter is identical to that in VV A426, except that it contains the sequence 3'-ATA-5' in place of the sequence 3'-A7TTTA-5' at the transcriptional start-site (Fig. 1) . Early RNAs transcribed from this promoter did not contain 5' poly(A) sequences ( Nuclease Si-protection analysis of tne extent of complementarity between RNAs transcribed from the 38K promoter/CAT genes of VV A426 and A463, and oligonucleotides containing 19 thymidylates next to a sequence complementary to the first seven codons in these RNAs (as described in Fig. 4 ). After hybridization, residual single-stranded nucleic acids were digested with nuclease S1, and nuclease-resistant products were electrophoresed through a 15% polyacrylamide gel containing 7 M urea ating mRNAs containing short 5' poly(A) sequences. To determine whether early mRNAs of the D5 gene contained 5' poly(A) sequences, the 5' ends of these mRNAs were examined both by nuclease-protection analysis employing a hybridization probe containing poly(T) sequences and by primer-extension analysis (Fig. 6) . The results of these analyses are in agreement with those of previous primer-extension analyses (9), indicating that the 5' ends ofearly mRNAs ofthe VV DS gene contain leader sequences of up to 6 adenylates.
DISCUSSION
Modification of the promoter region of the 38K gene, altering the sequence at the site of initiation of transcription to the sequence 3'-ATTT-lA-5' (nt -1 to +4) leads to the generation of early RNAs containing 5' poly(A) sequences that are not complementary to the DNA template (Fig. 7) . As in late mRNAs containing 5' poly(A) sequences, the site of the divergence in sequence between each mRNA and its DNA template corresponds to a position within the 3'-ATTTA-5' sequence. Alteration of the inserted 3'-ATlllA-5' sequence to 3'-ATA-5' resulted in the production of RNAs that did not contain 5' poly(A) sequences. Together, these results indicate that the presence of the sequence 3'-ATTTA-5' at the transcriptional initiation site of an early promoter enables the promoter to direct the synthesis of RNAs containing 5' poly(A) sequences. Sequences downstream of the transcriptional start-site may also have a role in the 5' polyadenylylation (38 The generation of 5' poly(A) sequences in early RNAs transcribed from modified promoters containing 3'-ATTTA-5' at their transcriptional start-sites is consistent with the proposal that these sequences are generated by repetitive transcription of the three thymidylates in this template sequence (3, 4, 11) . The similarities between the 5' ends of RNAs transcribed from the modified promoter at both early and late times suggest that similar mechanisms of transcriptional initiation are operative at both times. This implies that 5' polyadenylylation is neither exclusively nor necessarily a late function. However, the generation or the accumulation of RNAs whose 5' poly(A) sequences contain 11 or more adenylates may be enhanced by factors or conditions present only at late times.
The presence of 5' poly(A) sequences in early RNAs does not appear detrimental to these mRNAs. Termination of transcription is not impaired by the presence of these 5' ends, and accumulation of the RNAs in the cell at early times appears normal. Interestingly, since these studies were initiated, a few early genes have been identified that contain the 3'-ATTTA-5' sequence either at or near their predicted transcriptional start-sites (9, 37). Our results indicate that one of these genes, the VV DS gene, directs the synthesis of mRNAs containing short 5' poly(A) sequences; this suggests that the mRNAs of other early genes containing similar promoter sequences may also contain short 5' poly(A) sequences.
The precise role of 5' poly(A) sequences in the regulation of viral gene expression has yet to be determined. One possible role of 5' poly(A) sequences is to provide sequences used in ribosome binding and the initiation of translation. This role appears probable for the 5' poly(A) sequences ofthe VV DS mRNAs (Fig. 6C ). Sachs (40) . This role would be consistent with the presence of 5' poly(A) sequences in most late mRNAs and their absence in most early mRNAs. The ability to use various modified promoter elements to control the 5' polyadenylylation of viral RNAs synthesized either in vivo or in vitro will assist further investigations of both the function and the mechanism of 5' polyadenylylation.
